Starting from α-hydroxymethyl nitroalkenes and various 1,3-dicarbonyl compounds, a one-pot organocatalyzed diastereoand enantioselective synthesis of polyfunctionalized dihydro-and tetrahydropyran derivatives via a domino Michael-hemiacetalization sequence is reported. The title compounds bearing a variety of functional groups can be synthesized in this way in good yields (59-91%) and with moderate to excellent diastereoselectivities (26-98% de) and enantioselectivities (71-99% ee).
Great progress has been made in the organocatalytic asymmetric synthesis of chiral molecules in a single operation via the concept of domino reactions. 1 So far the development of methods for the control of multiple stereocenters was mainly dominated by amino activation modes via Lewis base catalysis or hydrogen bonding activation as another elegant option. 2 Owing to the importance of chiral tetrahydropyran structures, which are characteristic structural features of many natural products, these heterocycles have attracted considerable attention in recent years and many methods have been developed for the preparation of this framework. 3, 4 Recently we and others reported that chromanols 6 can be efficiently synthesized through a Michael addition of 1,3-dicarbonyl compounds 1 to nitrovinylphenol 5 and subsequent intramolecular hemiacetalization. 5 The hydroxyl group participates in this process through carbonyl addition and makes this sequence a powerful tool among the existing annulation methods (Scheme 1, a). We now would like to report an efficient organocatalytic asymmetric synthesis of functionalized tetrahydropyranols 3 by hydrogen bonding activation of α-hydroxymethyl nitroalkenes 2 as Michael acceptors via a domino Michael-hemiacetalization reaction followed by dehydration to form dihydropyrans 4 (Scheme 1, b).
4b,h-j, 6 We started our studies on the domino Michael-hemiacetalization reactions by screening the organocatalysts A-E (10 mol%) for the Michael reaction of (E)-2-nitro-3-phenylprop-2-en-1-ol (2a) 7 with 1 equivalent of methyl 3-oxobutanoate (1a) in toluene ( Table 1 , entries 1-5). The intermediate tetrahydropyranol 3a was directly dehydrated to the 3,4-dihydro-2H-pyran 4a in a one-pot procedure (see Table 1 ). It turned out that 20 mol% PTSA in toluene at 100°C for one hour is the best reaction condition for the dehydration process, which occurred in good yields and with no competing ring opening and lactonization. With this reaction procedure the diastereo-and enantiomeric excess of 4a were determined by HPLC. While the thiourea derived catalysts A, B, and D showed moderate to good diastereo-and enantioselectivities, the square amide derived catalyst E 8 led to the best results (Table 1 , entry 5). The monodentate carbamate derived catalyst C 9 gave the poorest enantioselectivity but had not much of an impact on the diastereoselectivity (Table 1 , entry 3). Solvents like toluene or THF also have only a slight impact on the diastereoselectivity (Table 1 , entries 5, 6) while dichloromethane showed the best diastereomeric excess value (Table 1, entry 7). With catalyst E we tried to improve the stereoselectivity as well as the yield of the reaction by decreasing the temperature. The domino Michaelhemiacetalization reaction proceeds at 5°C as well as at -25°C, but has only a slight effect with regard to selectivity and longer reaction times were necessary (Table 1 , entries 8, 9). Next we decided to change the catalyst loading from 10 mol% over 5 mol% to 1 mol% at ambient temperature (Table 1 , entries 10, 11) and this had only an impact on the reaction time and not on the yield or selectivity. In summary, the diastereomeric excess remained in the range of 61-71% in favor of the trans-isomer and could not be improved by catalysts, loading, temperature, or solvents. In order to determine the scope of the organocatalytic onepot reaction a number of (E)-3-aryl-2-nitroprop-2-en-1-ols 2 were reacted with 1 equivalent of various 1,3 dicarbonyl compounds 1 in the presence of 10 mol% of the catalyst E at ambient temperature in dichloromethane. The dihydropyrans 4a-h were obtained in good yields and stereoselectivities (Table 2 ). In the cases of different β-keto esters 1, a high increase in stereoselectivity was observed by using the phenyl substituted β-keto ester 1c (Table 2 , 4c). In contrast to acetylacetone (Table 2 , 4d) a reaction with malonates could not be observed. While using various hydroxymethyl-substituted nitroalkenes 2 good yields (81-86%) and enantioselectivities (78-94% ee) could be achieved. Electronic factors had a great influence on the diastereoselectivity. Both the neutral and the electron-donating group substituted nitrostyrenes 2 led to the expected products with diastereoselectivities of 26-76% de (Table 2 , 4e-h). The lowest diastereoselectivity was obtained by using the thienyl-substituted hydroxymethylene nitroolefin (Table 2 , product 4g), nevertheless the enantioselectivity was excellent (90/94% ee). In all cases we were unable to separate the diastereomers by column chromatography. Therefore, this protocol was used for the synthesis of the corresponding lactols (Table 3 , products 3a-h). While the enantioselectivity of the tetrahydropyranols 3a-h could not be measured by HPLC, the major trans-3a-h isomers were separated from the minor cis3a-h isomers by column chromatography. While with four adjacent stereogenic centers eight diastereomers of tetrahydropyran derivatives were possible, only two diastereomers could be isolated. This can be explained by stereochemical outcome of the quinine square amide catalyst-based Michael additions of β-keto esters to nitroolefins, which is well known in this case. The relative and absolute configuration of trans-3g was determined as 2S,3R,4R,5S by X-ray crystal-structure analysis ( Figure 1 ) 10 showing a cis orientation between the ester and hydroxyl group and a trans relation between the ester and aryl substituent. No thermodynamic equilibrium between the hemiacetal and the open hydroxyl ketone was observed in NMR experiments. The relative configuration of all tetrahydropyranols 3a-h was unambiguously determined by NOE measurements. They are all stable solids and can be easily recrystallized from benzene or methanol. Figure 1 Absolute configuration of trans-3g confirmed by X-ray crystal-structure analysis 10 Next various transformations of the enantiomerically pure domino product trans-3a were investigated to emphasize the value of this approach, for example, towards the synthesis of bioactive compounds such as pharmaceuticals (Scheme 2). It is well known that the hemiacetal unit can be reduced, methylated, or dehydrated to the corresponding tetrahydro-and dihydropyran derivatives. Therefore, 3a was synthesized, the epimers separated, and the trans3a was recrystallized from benzene in good yield (73%). Then trans-3a was dehydrated to 4a in good yield (91%) to obtain the virtually diastereo-and enantiomerically pure dihydropyran indicating that no epimerization or racemization had occurred. By treatment with 20 mol% PTSA in MeOH for eight hours at room temperature trans-3a was converted to the acetal 7 in moderate yield (62%), but again with excellent diastereo-(98%) and enantiomeric excess (99%). Compound trans-3a could be reduced to 8 with three equivalents Et 3 SiH in dichloromethane at 0°C in moderate yield (72%) and again with excellent diastereo-(97% de) and enantiomeric excess (98% ee). The high stereoselectivity of our approaches is evident from the fact that only two diastereomers are formed while building up four contiguous stereocenters. The various transformations performed with the hemiace- 
In conclusion, we have developed an efficient diastereoand enantioselective asymmetric synthesis of polyfunctionalized dihydro-and tetrahydropyrans by employing a square amide-catalyzed domino Michael-hemiacetalization reaction. The new protocol allows several functional groups, such as the nitro, ester, ketone, and hydroxyl functions as well as substituents at the aromatic ring, attached to the hydropyran core. Subsequent transformations of the intermediate tetrahydropyranols gave acetals, dihydro-2H-pyrans, and tetrahydro-2H-pyrans bearing two to four contiguous stereocenters. The title compounds are important heterocycles due to their widespread occurrence in nature and as privileged scaffolds in medicinal chemistry. They were obtained in very good yields and with good to excellent stereoselectivities.
Starting materials and reagents were purchased from commercial suppliers and used without further purification, unless stated otherwise. All solvents were dried by conventional methods. Preparative column chromatography: Merck silica gel 60, particle size 0.040-0.063 mm (230-240 mesh, flash). Analytical TLC: silica gel 60 F254 plates from Merck, Darmstadt. Visualization of the developed TLC plates was performed by ultraviolet irradiation (254 nm) or by staining with a solution of KMnO 4 . Analytical HPLC was carried out on a Hewlett-Packard 1100 Series instrument using chiral stationary phases. 1 H and 13 C NMR spectra were recorded at r.t. on Varian Mercury 300, Varian Inova 400, or Varian Inova 600 instruments. Mass spectra were acquired on a Finnigan SSQ7000 (EI 70 eV) spectrometer, high-resolution mass spectra on a Finnigan MAT 95 and high-resolution ESI spectra on a Thermo Fisher Scientific LTQ-Orbitrap XL. IR spectra were recorded on a PerkinElmer 100 FT-IR Spectrum instrument. Microanalyses were performed with a Vario EL element analyzer. Melting points were determined with a Büchi melting point B-540 apparatus. Optical rotation values were measured on a Perkin-Elmer 241 polarimeter.
Domino Michael-Hemiacetalization Reaction; General Procedure 1 (GP1)
In a glass vial equipped with a magnetic stirring bar, catalyst E (10 mol%) was added to a mixture of 1,3 dicarbonyl compound 1 (1.0 mmol) and (E)-3-aryl-2-nitroprop-2-en-1-ol 2 (1.0 mmol) in CH 2 Cl 2 (4.0 mL) at r.t. The reaction was monitored by TLC. After complete conversion of the starting material, the solvent was evaporated and the crude reaction mixture was purified by column chromatography affording products trans-and cis-3a-h, respectively, as pale yellow to colorless solids (Table 3) .
One-Pot Domino Michael-Hemiacetalization and Dehydration Reaction; General Procedure 2 (GP2)
The tetrahydropyranols trans-/cis-3a-h were synthesized according GP1. After complete conversion of the starting material, the solvent was evaporated and toluene (10 mL) and PTSA (20 mol%) were added, and stirred for 1 h at 100°C. After complete conversion, the solvent was evaporated and the crude reaction mixture was purified by column chromatography affording products 4a-h as pale yellow to colorless oils and as a cis/trans mixture ( Table 2) .
Methyl (2S,3R,4S,5S)-2-Hydroxy-2-methyl-5-nitro-4-phenyltetrahydro-2H-pyran-3-carboxylate (trans-3a)
Compound trans-3a was synthesized according to GP 1; yield: 238 mg (80%); colorless solid; mp 148°C (benzene); R f = 0.42 (n-pentane-Et 2 
Methyl (2S,3R,4S,5R)-2-Hydroxy-2-methyl-5-nitro-4-phenyltetrahydro-2H-pyran-3-carboxylate (cis-3a)
Compound cis-3a was synthesized according to GP 1; yield: 41 mg (14%); colorless solid; mp 56°C (MeOH); R f = 0.12 (n-pentane- 2S,3R,4S,5R)-2-Hydroxy-2-methyl-5-nitro-4-phenyltetrahydro-2H-pyran-3-carboxylate (cis-3b 
1-[(2S,3S,4S,5S)-2-Hydroxy-2-methyl-5-nitro-4-phenyltetrahydro-2H-pyran-3-yl]ethanone (trans-3d)
Compound trans-3d was synthesized according to GP 1; yield; 223 mg (80%); colorless solid; mp 98°C (benzene); R f = 0.21 (n-pentane-Et 2 1-[(2S,3S,4S,5R)-2-Hydroxy-2-methyl-5-nitro-4-phenyltetrahydro-2H-pyran-3-yl]ethanone (cis-3d Anal
Methyl (2S,3R,4S,5S)-2-Hydroxy-2-methyl-5-nitro-4-(ptolyl)tetrahydro-2H-pyran-3-carboxylate (trans-3e)

Methyl (2S,3R,4S,5R)-2-Hydroxy-2-methyl-5-nitro-4-(ptolyl)tetrahydro-2H-pyran-3-carboxylate (cis-3e)
Methyl (2S,3R,4S,5R)-4-(3-Bromophenyl)-2-hydroxy-2-methyl-5-nitrotetrahydro-2H-pyran-3-carboxylate (cis-3f)
. Calcd for C 12 H 15 NO 6 S: C, 47.83; H, 5.02; N, 4.65. Found: C, 47.86; H, 5.18; N, 4.65.
Methyl (2S,3R,4R,5R)-2-Hydroxy-2-methyl-5-nitro-4-(thiophen-2-yl)tetrahydro-2H-pyran-3-carboxylate (cis-3g)
Compound cis-3g was synthesized according to GP 1; yield: 102 mg (34%); colorless solid; mp 63°C (benzene) ; ee (trans) = 95%; ee (cis) = 71%; de = 71%. The enantiomeric excess was determined by chiral stationary phase HPLC using a Chiralcel OD column (n-heptane-i-PrOH, 7:3, flow rate 1.0 mL/min, λ = 254 nm); t R = 7.38 min (minor), t R = 15.36 min (major). 
1-[(4R)
-
